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Abstract: In order to elucidate the kinetic mechanism of human erythrocyte catalase a well-known substrate, H2O2 and inhibitor
azide were used. The catalase-mediated conversion of H2O2 to H2O and O2, in the presence and absence of azide, was studied in 50
mM phosphate buffer pH 7.0 at 37 ºC under conditions where the peroxidation side reaction (RH2 + H2O2 → R + 2H2O) is negligible
([H2O2] ≤ 25 mM; assay time, 10 s). The kinetics conformed to the Michaelis-Menten model. Lineweaver-Burk plots for H2O2 at
different fixed concentrations of azide were linear and intersected on the abscissa indicating a noncompetitive or irreversible type of
inhibition. To identify the inhibition type Vm vs. [E] plots were constructed at different [N3-]. The plots were linear and converged
at the origin, indicating that N3- is a noncompetitive inhibitor. Using a non-linear curve-fitting program, the kinetic parameters were
calculated. The Km value for H2O2, and the Ki value for azide were found to be 10.97 ± 1.46 mM and 1.107 ± 0.093 µM,
respectively.
Key Words: Human erythrocytes, catalase, substrate kinetics, azide inhibition

‹nsan Eritrosit Katalaz›n›n Azid ‹nhibisyonunun Mekanizmas›
Özet: ‹nsan alyuvar katalazının kinetik mekanizmasını aydınlatabilmek için iyi bilinen substratı, H2O2 ve inhibitörü azid kullanıldı.
Katalaz aracılı¤ıyla azid varlı¤ında ve yoklu¤unda hidrojen peroksitin su ve oksijene dönüflümü, 50 mM potasyum fosfat tamponunda,
pH 7.0 ve 37 ºC’de peroksidasyon yan reaksiyonunun (RH2 + H2O2 → R + 2H2O ) ihmal edildi¤i koflullarda gerçeklefltirildi ([ H2O2 ]
≤ 25 mM; reaksiyon süresi, 10 sn). Kineti¤in Michaelis-Menten modeline uydu¤u saptandı. Sabit azid ve de¤iflken H2O2 deriflimlerinde
çizilen Lineweaver-Burk çizgilerinin do¤rusal oldu¤u ve nonkompetitif ya da tersinmez inhibisyonu gösterecek flekilde absis üzerinde
kesifltikleri gözlendi. ‹nhibisyon tipini belirlemek için farklı [N3-]’de elde edilen Vm’ler, [E]’na karflı grafiklendi. Çizgilerin do¤rusal
oldu¤u ve orijinden geçtikleri görüldü. Bu bulgu azidin nonkompetitif bir inhibitör oldu¤unu gösterdi. Nonlineer “curve fitting
“programı kullanılarak kinetik parametreler hesaplandı; H2O2 için Km de¤eri 10,97 ± 1,46 mM, azid için de Ki de¤eri ise 1,107 ±
0,093 µM olarak saptandı.
Anahtar Sözcükler: ‹nsan eritrositi, Katalaz, Substrat kineti¤i, Azid inhibisyonu

Introduction
A variety of soluble cellular components, which can
undergo oxidation-reduction reactions, are important
contributors to free radical production such as
superoxide, O2•-. Enzymatic dismutation of the
superoxide anion by superoxide dismutase produces
hydrogen peroxide (H2O2) (1). In living cells, this highly
toxic compound is in turn removed by glutathione
peroxidase and catalase (1,2).
Erythrocytes are stable to both H2O2 and azide, at
millimolar concentrations, when added separately (2). In

contrast, the cells are destroyed in the coexistence of
azide and H2O2, even at micromolar concentrations (2).
The destructive action of the azide/hydrogen peroxide
pair might be due to the formation of •N3 and/or •OH
radicals (2). Azide probably dissociates iron from heme,
and the reaction of iron with H2O2 results in the
formation of •OH radical (Fenton reaction), which in turn
causes the oxidative destruction of the plasma membrane
lipid structures (3-6). In addition to this in vivo effect of
the hydrogen peroxide/azide pair, it has been shown that
azide is also an inhibitor of catalase (7-9).
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compounds, including its natural substrate, H2O2
(concentrations > 0.1 M and reaction times > 30 s),
azide, acetic acid, formic acid, fluoride, cyanide,
hydroxylamine, carbon monoxide, heavy metals (Cu2+,
Pb2+) and 3-amino-1,2,4-triazine (16-18). The enzyme
can function in 2 ways: “catalytically”, decomposing H2O2
into water and oxygen (a-phase), or “peroxidatively”, by
eliminating H2O2 by oxidizing alcohols, formate or nitrate
(β-phase) (Figure 1) (14,15,18).

Catalase (H2O2:H2O2 oxidoreductase, EC 1.11.1.6) is a
heme-containing enzyme that is present in virtually all
aerobic organisms tested to date (10-12). In eukaryotes
it is localized in the peroxisomes (1). Catalase is thus able
to protect the cells against the damaging effects of H2O2.
The absence of catalase in blood (acatalasemia), and
presumably also in tissues (acatalasia), was discovered by
Takahara. The deficiency is therefore named Takahara’s
disease (13). The only physiological sign observed in
about 50% of acatalasia cases is a progressive oral
gangrene, resulting from infection by H2O2-generating
bacteria such as hemolytic streptococci (13).

Catalase decomposes hydrogen peroxide, as shown in
Figure 1 (α-phase), into water and molecular oxygen,
without the production of free radicals (14,15,19,20).
The kinetic scheme given by equations (1) and (2), to
account for observations at low H2O2 concentrations, was
devised by Chance (19).

Catalases from many species are known to be
tetramers of 60-65 kDa subunits and each subunit
contains 1 Fe-protoheme IX moiety (4 heme groups per
tetramer) (7,8). Each tetrameric molecule of mammalian
catalases contains four molecules of tightly bound
NADPH, which does not seem to be essential for the
enzymic conversion of H2O2 to H2O and O2, but protects
catalase against inactivation by H2O2 (16,17). Catalase has
the highest turnover rate among all enzymes and the pH
optimum obtained from different sources is 6.8-7.5
(7,8). The activity of catalase is inhibited by several

Catalase-Fe3+ + H2O2 → Compound I + H2O

Compound I + H2O2 → Catalase-Fe3+ + H2O + O2 ( 2 )

Later it was shown that increasing the concentration
of H2O2 only caused the amplification of this scheme,
without modification of the nature of the redox process
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Figure 1. Reaction of human red blood cell catalase with hydrogen peroxide and azide.
Redrawn from references (13-15). (e.g., RH2: Formic acid, Methanol,
Ethanol).
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(14,15,19-21). Therefore, the predominant route in
catalase
action,
as
established
by
rapid
spectrophotometric techniques, is the a-route (equations
1 and 2) (14,15).
It was shown spectrophotometrically that the
protonated form of azide forms a reversible complex with
catalase (9,22,23).
Catalase-Fe3+-HN3 ⇔ Catalase-Fe3+ + HN3

(3)

Although the exact mechanism is not known, in the
presence of high concentrations of azide and H2O2, free
azide radical forms (6) and a fraction of Compound I and
Compound II is converted to Compound III as shown
below (14) (Reactions 4 and 5).
Compound I + HN3 → Compound II + N3•

(4)

Compound II + H2O2 → Compound III + H2O

(5)

Compound III → Catalase-Fe + O

(6)

+3

• 2

Compound III releases superoxide radical and gives
natural catalase (14,15). Only at high concentrations of
H2O2 and azide are steps 4 and 5 fast and step 6 rate
limiting (14,15).
Although catalases have been studied for years, there
are many interesting questions still unsolved regarding
their function (3); i.e. what is the kinetic mechanism of
azide inhibition and what are the kinetic parameters at
low [H2O2], substrate and at low [azide], inhibitor?
Therefore, in this study, we wanted to investigated the
substrate kinetic parameters and azide inhibition
mechanism of catalase obtained from human
erythrocytes. To determine catalytic activity, very low
concentrations of H2O2 (≤ 25 mM) and very short
reaction times (less than 10 s), were used (14).

Materials and Methods
Materials
Hydrogen peroxide (30%, v/v), sodium azide,
ethylenediamine tetraacetic acid (EDTA, tetrasodium salt)
and other chemicals were standard products of Sigma or
Aldrich, USA.

Methods
Preparation of catalase from human erythrocytes:
Blood from healthy volunteers was drawn onto citratephosphate-dextrose-adenine (CPDA). The erythrocytes
were pelleted by centifugation at 2500 rpm (appr. 1800
xg) for 2 min using a microfuge at 4 ºC. The pellet was
resuspended in 4-5 volumes of 20 mM phosphate buffer
in 0.9 % NaCl containing 1 mM EDTA (PBSE) and
repelleted as above. The washing process was repeated 3
times. Finally, a 50 ml erythrocyte pellet was lysed in
9950 ml of distilled water and the heamolysate was
centrifuged at 13000 xg for 5 min using a microfuge.
The supernatant was kept on ice and used for the
measurement of catalase activity.
Activity measurements: The consumption of H2O2
was measured by the method of Beers and Sizers (24) as
described by Aebi (8), using a Milton-Roy Diode-Array
spectrophotometer and enzyme activity was calculated
using an extinction coefficient of 39.4 M-1.cm-1 for H2O2
at 240 nm (25). Units are defined as mmoles of H2O2
consumed per minute, in 50 mM phosphate buffer, pH
7.0, at 37 ºC. For kinetic studies, a matrix of substrate
(H2O2) concentrations between 0 and 25 mM and
inhibitor (azide) concentrations between 0 and 10 µM
was generated. To identify the inhibition type,
noncompetitive vs. irreversible, Vm was studied as a
function of [E] at constant [I] (26).
Protein determination: More than 99% of the protein
in erythrocyte hemolysates is hemoglobin. Protein was
therefore estimated by measuring Hb content using
Drabkin’s reagent (27).
Analysis of the kinetic data: The kinetic data were
analyzed and kinetic constants were calculated by means
of the non-linear curve-fitting program of the statistical
software package Statistica (Version 99).

Results and Discussion
In this study we wanted to elucidate the kinetic
parameters for H2O2 as substrate and azide as inhibitor,
as well as the inhibition type. Kinetic studies were
performed at very low concentrations of H2O2 and very
short reaction times. Under these conditions, the
transition of α (Compound I) to β phase (Compound II
and Compound III) is too slow to affect significantly the
initial rate measurements; at short reaction times,
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[Compound II] and [Compound III] are very small;
catalase is in the α-phase (Figure 1) and the reaction
equation reduces to
va = (Vmα S)[Et]/(Kmα + S) (16,18)

It was shown that catalytic degradation of H2O2 is
inhibited reversibly by azide (9,16), due to the removal of
some catalase-Fe+3 from the reaction medium as the
catalase-Fe+3-azide complex (Figure 1, reaction 3)
(14,15).
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Figure 2. The Michaelis-Menten plot for human erythrocyte catalase. O, Control; ●,
0.25 µM; ▲, 0.5 µM; ▲, 1 µM; ■, 2.5 µM; ■, 5 µM; ◆, 10 µM azide.
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Figure 3. The Lineweaver-Burk plot for human erythrocyte catalase. O, Control; ●,
0.25 µM; ▲, 0.5 µM; ▲, 1 µM; ■, 2.5 µM; ■, 5 µM; ◆, 10 µM azide.
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by azide (Figure 3). To differentiate between
noncompetitive and irreversible inhibition, a Vm vs. [E]
plot was constructed (Figure 4) (26). Figure 4 clearly
shows that the inhibition of erythrocyte catalase by azide
is of the noncompetitive reversible type. Using nonlinear
regression analysis, the Km for H2O2 was found to be
10.97 ± 1.46 mM; the Ki for azide was 1.107 ± 0.093
mM.
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45
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This finding is supported by the finding of Rouxhet et
al. that [Compound II] and [Compound III] are negligible
and the rate of the reaction at low H2O2 and at short
reaction times depends only on [Compound I] (14,15)
(Figure 1). As was suggested at low azide concentrations,
azide behaves like a noncompetitive reversible inhibitor,
probably reacting with compound I and decreasing its
concentration (Figure 1 reaction 3) (9,14).

Figure 4. The Vm vs. [Catalase] plot for human erythrocyte catalase. O,
Control; ●, 5 µM; ▲, 10 µM azide.
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It was observed that catalase fits the MichaelisMenten kinetic model and the existence of inhibitor did
not affect the hyperbolic saturation behavior of the
enzyme (Figure 2). In Lineweaver–Burk plots the family
of straight lines intersected on the abscissa, indicating
noncompetitive or irreversible inhibition of the catalase
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